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Abstract  
Saline lakes are drying worldwide and there is widespread interest to restore them as the costs of 
lake desiccation can decimate adjoining economies and ecosystems. Here we synthesize 40 
years of the available experimental, field, satellite, and model data for Lake Urmia in northwest 
Iran, which once was one of the world’s largest hypersaline lakes. We use the noisy data to 
define 10 restoration objectives for dust control, salinity, ionic composition, brine shrimp (Artemia 
spp.) survival, greater flamingo (Phoenicopterus roseus) abundance, island separation from each 
other and the mainland, connection between the north and south arms of the lake, recreational 
access, and agricultural benefits. We relate each objective to lake level and find: 1) The current 
government-set ecological lake restoration level of 1274.1 m above sea level is insufficient to 
reach a salinity target of 240 g/L nor is the salinity target sufficient to recover brine shrimp 
(Artemia spp.) and flamingos. A higher lake level may be needed. 2) Lake ecosystem services do 
not converge neatly to a single lake level as the ecological target of 1274.1 m implies. Instead, 
managers should identify the range of lake levels that maintain multiple ecosystem services. 3) 
Identifying a range of lake levels will offer managers of Lake Urmia and other international saline 
lakes flexibility to adopt and adapt their water allocation, agricultural development, and restoration 
strategies over time as they learn more about the lake system. 
Significance Statement 
We used 40 years of experimental, field, satellite, and model data for Lake Urmia in northwest 
Iran to quantify and relate 10 diverse and widely varying restoration objectives for human health, 
water quality, ecology, recreation, and agro-economy to lake level. We found that the 
government’s current single lake level restoration target will not achieve the salinity concentration 
that is expected to recover brine shrimp and flamingos—a higher lake level may be needed. 
There is no lake level where all objectives converge. Instead, managers should identify the range 
of lake levels needed to maintain multiple ecosystem services. Such an approach gives 
managers flexibility to adapt plans over time as uncertainties in objectives are better 
characterized.  
 
Main Text 
Introduction 
Saline lakes comprise approximately 20% of the world’s lake area, provide diverse ecosystem 
services, are long-term integrators of climatic conditions, and are desiccating worldwide (1). 
Although climate change has influenced lake drying, consumptive water withdrawals, particularly 
for irrigated agriculture, have reduced lake inflows and are a predominant cause of lake level 
decline (2–4). Desiccation poses major economic, scientific, and political challenges to manage 
and restore saline lakes and their contributing watersheds. 
Restoration may require costly mitigation measures including inter-basin transfers, water 
conservation, diking, and dust mitigation (3, 5, 6). For example, dust control measures for Owens 
Lake and Salton Sea, USA are estimated to be $US 3.6 and $US 16.9 billion, respectively (5). At 
the same time, ecosystem services from saline lakes have been valued at $550 million for 
recreation at the Salton Sea before desiccation, $US 800 million for mineral extraction from the 
Dead Sea, to $US 1.3 billion annually for the Great Salt Lake, USA (5). Lake restoration may 
restore fisheries, improve biodiversity, reduce or mitigate dust, maintain salinity, conserve islands 
and lakeshore, improve recreational access, or conserve brine shrimp (Table S1 and references 
within) (7–16).  Successful lake restoration must integrate across multiple objectives, disciplines, 
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and interacting components throughout the entire contributing basin (Fig. S1) with limited data to 
address many objectives, relationships, and processes (11, 17–19). 
State-of-the art multi-objective management efforts use evolutionary optimization techniques to 
identify and show Pareto trade-offs among alternatives evaluated for up to seven precisely 
quantified objectives (20–23). Pareto tradeoffs mean that when a manager chooses one 
alternative over other alternatives they increase the value of one or more objectives but decrease 
the value for one or more other objectives. However, as noise and variations in the data defining 
the objectives grow, it becomes more difficult to determine whether an alternative will actually 
increase or decrease an objective or maintain a similar value. 
 
Here, we synthesize 40 years of available experimental, field, satellite, and model data for Lake 
Urmia in northwest Iran (Fig. 1A), which is one of the world’s largest hypersaline lakes. We use 
the data to define 10 management objectives for human health, water quality, ecology, recreation, 
and agricultural-economy (Table S2) and relate each objective to lake level (SI Methods). The 
data defining each objective are noisy and have large variations and measurement errors. For 
example, up to 1 m of salts have precipitated on Urmia’s lake bed between 2013 and 2015 (24) 
making Lake Urmia shallower and increasing evaporative losses, but the magnitude of these 
changes are unknown. Salt precipitation and a corresponding unknown level of re-dissolving 
introduce further variations in the lake depth, area, volume relationships, as well as the 
relationships between lake level and each of our 10 management objectives.  
Following two decades of agricultural development, reservoir construction, and reduced stream 
flows, Lake Urmia’s elevation declined about 7 m from its historical maximum of 1278 m and lost 
almost 95% of its volume. Salinities increased to saturation (ca. 375 g/L) causing a catastrophic 
decline in brine shrimp (Artemia spp.) and the birds dependent on them (19, 25–27). The decline 
also increased airborne dust from the exposed lake bed, and allowed mainland predators to 
reach Kabudan and Ashk islands where endangered mammals including Armenian sheep (Ovis 
orientalis gmilini) and Persian fallow deer (Dama dama mesopotamica) live (Fig.1A, islands 2 and 
3, respectively) (28). Additionally, the lake decline curtailed in excess of $1.6 million USD (2019) 
in eco-tourism, recreation (boating and sunbathing), therapeutic muds, cultural heritage, and 
education activities (19, 29, 30).  
In response to the dramatic lake decline, the Iranian government approved the Lake Urmia 
Restoration Program (ULRP) in 2013 with an estimated cost of $7 billion (31). The Iranian 
government set a restoration lake level target of 1274.1 m (corresponding water volume of 14.5 
km3) and called this level the ecological level. This ecological level is thought to be the lake level 
at which salinity will fall below 240 g L-1 NaCl (total dissolved solids = 263 g L-1) and increase 
survival of brine shrimp (Artemia spp.) (7). Artemia are a primary food source for millions of birds 
that once inhabited Lake Urmia (7), including 40,000-80,000 pairs of breeding greater flamingos 
(Phoenicopterus roseus) (32).The ULRP now seeks to reach the ecological lake level in three-
phases over 10 years through an inter-basin water transfer and reducing agricultural water 
consumption by 40% (Fig. 1B).  
Our synthesis of the noisy and variable salinity, Artemia survival, and other data suggest that the 
ULRP’s ecological recovery target of 1274.1 m will probably not achieve the desired restoration 
goal of Artemia survival. Below, we present the data defining each restoration objective, describe 
the noise and variations in each data set, and relate each objective to lake level. The noisy, 
variable relations show that the lake management objectives do not converge neatly to a single 
lake level as the ecological target of 1274.1 m implies. Instead, we suggest that managers should 
identify the range of lake levels that maintains multiple objectives and ecosystem services.   
 
Results 
 
  
4 
 
Each Lake Urmia restoration objective shows substantial uncertainties and variability in its 
relation to lake level (Fig. S2 for exposed dust area, Fig. 2 for salinity, Fig. 3B for ionic 
concentrations, Figs. 3C and S5 for Artemia and flamingo abundance, Fig. S6 for island habitat 
and connectivity, and Fig. S7 for boating and recreation).   
Dust-producing areas—Linked morphometric and dust-prone area analysis (Fig. S2) shows that 
because of the lake’s flat topography, the greatest increase in exposed lakebed dust area occurs 
as water levels decline from 1272 to 1270 m (Fig. S2A). Therefore, maintaining the lake level 
above 1272 m is important to minimize dust and public health risk. Furthermore, as the lake 
desiccates the inner parts of the lake are exposed (Fig. S2B). These inner parts of the lake are 
closer to ecologically sensitive areas such as islands so alternative dust mitigation approaches 
like gravel blankets, mulching, or planting cannot be used. Moreover, as the lake further 
desiccates, the distance between the exposed dust-prone areas and rivers that feed the lake will 
increase. This increase will reduce the efficiency of water delivery for dust control. 
Total dissolved solids and ionic concentrations—Time series of TDS and lake level show a quasi-
inverse relationship with considerable variability (Fig. 2 and 3A). For example, in 2001–2003 
when the lake was near the ecological target elevation of 1274.1 m, TDS measurements ranged 
from 240–290 g.L-1. Since mid-2007, the concentrations of Na+ and Cl- ions have decreased while 
the proportions of Mg+2 and SO4-2 ions have increased so that now there are roughly equal 
concentrations of Na+ and Mg+2 (Fig. 3B). Since September 2011, Lake Urmia’s water changed 
from a Na-Mg-Cl-SO4 to an Mg-Na-Cl-SO4 solute (33). 
These data confirm that Lake Urmia has followed a geochemical sequence of mineral 
precipitation (34, 35). First, carbonate minerals (such as aragonite) precipitated, then calcium 
sulfate (gypsum) and sodium chloride (halite). These salts have been reported in sediment cores 
taken from the lake bed (36). Potassium and magnesium salts, which are economically important, 
are some of the last ions to precipitate from the brine. Increased concentration of magnesium and 
potassium ions in the lake creates an opportunity to use evaporation ponds to mine the remaining 
salts. For decades, industries have mined potash (KCl, KSO4, and others), magnesium chloride, 
magnesium oxide, and potassium sulfate from the Dead Sea and Great Salt Lake for use by the 
agriculture, chemical, and automotive industries (10). Nevertheless, there are no such salt mining 
industries in Lake Urmia, in part because the lake is a National Park where mining is currently 
prohibited. From an ecological perspective, lake restoration should increase lake elevation to 
reduce salinity below saturation. However, economic opportunities such as mineral extraction 
could be revisited in the future.  
Brine shrimp density—Increasing salinities in Lake Urmia have decimated Artemia populations.  
Adult Artemia densities in Lake Urmia declined significantly (p<0.001) from approximately 600 m-3 
to 200 m-3 as salinities increased from 160 g L-1 in 1994–95 to over 350 g.L-1 in 2007 (Fig. 3C). 
Unfortunately, Artemia densities for Lake Urmia have not been reported in the mid-salinity range 
of 170–235 g L-1, so it is difficult to assess the response if the lake level rises to or above the 
ecological target level. Some insights can be gained from Great Salt Lake, where densities of a 
related species, Artemia franciscana, decreased with increasing salinity, although the trend was 
not statistically significant (p = 0.097) (37). At salinities ranging from 90–200 g L-1, Artemia 
densities were much higher in Great Salt Lake (mean=1500 m-3) than in Lake Urmia (mean=400 
m-3) (Fig. 3C). An important unanswered question is what densities of Artemia (and other 
invertebrates) are necessary to sustain birds at Lake Urmia? In the Camargue saline wetland in 
southern France, Artemia densities of <100 m-3 caused eared grebes (Podiceps nigricollis) to 
forage longer (38). However, the density of Artemia at the target ecological salinity of 263 g.L-1 for 
Lake Urmia appears to be over 200 Artemia m-3, suggesting that even that low density would 
support diving birds like eared grebes. 
Flamingo population—The number of flamingos at Lake Urmia has declined dramatically with 
decreasing lake levels (Fig. S5). At water levels below 1272.5 m and salinity near 360 g.L-1, 
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almost no flamingos were observed in the lake or the neighboring Gharahgheshlagh bird refuge 
at the southern end of the lake. In a better-studied system, the Camargue saline wetlands of 
France,  Artemia abundance remained high up to a salinity of 215 g.L-1, but abundances of most 
other invertebrates declined markedly at salinities >140 g.L-1, the threshold found for American 
flamingos (Phoenicopterus ruber) (39), suggesting that flamingos forage on a range of 
invertebrates. Consequently, to understand the habitat requirements of flamingos and other birds 
at Lake Urmia, ecological assessments are needed to characterize the habitat and growth needs 
of other invertebrates in the lake and wetlands, not just Artemia. 
Islands connect to each other and the main shore—Utilizing satellite-derived lake maps, we 
estimated that the four southern islands merge together at water levels between 1271.3 and 
1271.7 m (Fig. S6A). In contrast, using the current bathymetric map overestimates the 
corresponding lake level where islands merge even though the map accurately shows the lake 
shape. The overestimation is due to the lack of depth measurements used to produce the map 
near the islands (24). 
A further drop of the lake level below 1271.7–1270.6 m would result in a land bridge forming from 
Kabudan Island to the southeast shore of the lake (Fig. S6B) and imperil the distinctive mammal 
population (i.e., Armenian sheep and Persian fallow deer) on the island. If lake desiccation 
continues such that the water level falls below 1270 m, the south part of the lake will 
hydrologically detach from the north part near an automobile causeway that divides the lake. At 
this level, the southern portion of the lake becomes several small brine pools, which may dry by 
evaporation and seasonally fill by precipitation or limited inflows (Fig. S6C). This dramatic 
shrinkage of the lake occurred in October 2015, when the lake level reached its historical 
minimum of 1270 m (40). Uncertainties in these threshold levels derive from uncertainties in the 
lake bathymetry measurements (Fig.S3). 
Recreation—As lake level drops, the distance increases from the primary recreational resorts 
(Bari and Golmankhaneh) to locations with sufficient water depth for boating (>1m) (Fig. S7). At 
water levels higher than 1271 m, the distance from the shore to water depths that support boating 
is less than 300 m and uncertainty in these estimates of distance is small. As the shoreline 
recedes and lake level declines to 1269 m, distance increases to more than 1 km (Bari) and 
about 3 km (Golmankhaneh), with rising uncertainty of the distance estimates. The rising 
uncertainty is due to uncertain bathymetry data and shallow lakebed slope (Fig.S3). Since 
September 2011 when the lake declined to 1270.7 m, both resorts closed and beaches are no 
longer used for boating, sunbathing, and mud baths.  
Synthesis for first 9 lake restoration objectives—We used lake level to integrate across the first 9 
lake restoration objectives in categories of human health, water quality, ecology, and recreation 
(Fig. 4A). For each restoration objective, the desirable lake level is shown in white, while 
undesirable lake levels are dark blue. Variations in the lake level and thus the desirability is 
represented as a color gradation from dark blue to white. Objectives with more certainty in the 
desirable lake level, such as when islands merging together near 1271.5 m, have more abrupt 
color changes. In other words, abrupt color changes in Fig. 4A show where the objective value 
changes faster with respect to lake level (e.g., Figs. S2, S5, S6, and S7). All objective values 
improve with increasing water level except for ionic concentrations. For the ionic concentrations, 
the desirability depends on the target ecosystem service (e.g., mineral mining, brine shrimp 
harvesting, geothermal energy, etc.). 
Most ecosystem services of Lake Urmia are lost or significantly decline at lake levels below 1270 
m. Above 1272 m and below the ecological target level of 1274.1 m, water will inundate many 
dust prone areas, connect the north and south arms, keep islands separated, and provide close 
access for recreation.  But these levels are insufficient to lower salinity, favor brine shrimp 
production, or support flamingos. The ecological restoration level of 1274.1 m could translate to 
salinities between 240 and 290 g L-1 and Artemia densities of 200 to 400 per m-3 (Figs. 2 and 3C) 
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that may not be sufficient to support flamingo populations. In contrast, lake levels above 1275 m 
can minimize airborne dust, sustain brine shrimp and bird populations, preserve island habitats, 
and maintain recreation and tourism. These conflicting results can be resolved by considering a 
range of lake levels that support multiple ecosystem services. 
Agriculture and lake level trade-offs—Relating variable basin-wide agricultural benefits to lake 
levels further affirms our finding to manage Lake Urmia for a range of lake levels rather than a 
single lake level. We assembled annual agricultural water management and lake hydrology data 
from 1995 to 2015 to estimate hydrologic balance and agricultural benefits (SI Methods). 
Agricultural data included annual water releases from the 10 largest dams on the main rivers to 
agricultural users, irrigated area, crop yield, actual evapotranspiration, crop prices, inflation and 
exchange rates (Table S3). We calculated four economic indicators of farmer livelihoods: unit 
water price, water productivity, unit water value, and agricultural benefits in Iranian Rials (IRR) 
and in US Dollars (USD) (SI methods). Results for the most recent 2012–2015 period show rising 
crop yields, increasing water productivity, growing unit values of water, and increasing agricultural 
benefits with the same irrigated area and agricultural water deliveries (Fig. S9, dark green 
circles). The counterintuitive increases in agricultural benefits with constant agricultural water 
deliveries are explained by increasing crop yields (Fig.S9, orange box) and the sharp rise in crop 
prices that started in 2012 in response to Iran’s currency devaluation (Fig. S8). The Iranian 
government raised crop prices to make internal markets competitive and promote food security. 
These increased crop prices raised agricultural benefits without raising agricultural water 
releases. 
From the hydrologic portion of the data set, we noted within-year variations in lake level for each 
year (0.5-1.2 m). We also estimated an annual volumetric residual (error) by trying to close the 
lake water balance. Each year’s volumetric residual was calculated as the change in lake volume 
from one year to the next minus precipitation minus inflow plus evaporation. We then used the 
lake bathymetry data to estimate the expected increase in lake level associated with the residual 
volume at the lake level observed for that year. 
Plotting annual agricultural benefits versus lake levels shows type classes of trade-offs (Fig. 4B). 
Observations from 1995 to 2012 define a downward sloping, classical win-lose trade-off (green 
squares). The lake and agriculture compete for water. In contrast, observations from 2012 
onward instead define an outward pushing, win-win trade-off (blue circles). Here, agricultural 
benefits increase with the same lake level. Both trade-offs are complicated by variable lake 
levels. The uncertain water levels derive from both (A) errors in the annual hydrologic balance 
(purple error bars), and (B) seasonal lake level variations (green and blue error bars). The 
variations mean the ecological level of 1274.1 m may procure a wide range of basin agricultural 
benefits (e.g., USD 60 to 150 Million/year). Likewise, other lake levels such as 1272 m may also 
procure similar wide ranges of benefits.  
Discussion  
 
Here we used saline lake level to integrate across 10 noisy and variable objectives in the areas of 
human health, water quality, ecology, recreation, and agriculture. Variations in these objectives 
derive from uncertainties in the underlying experimental, field, satellite, and model data. 
Variations are also due to changing dust areas, failure to close the hydrologic balance, seasonal 
variation of the lake level, ±0.27 m root mean square error (RMSE) in the measurement of lake 
level for lake bathymetry (24), changing lake bathymetry from salt precipitation and dissolution, 
unclear direction for ion concentrations, uncertainty about the Artemia and other invertebrate 
densities needed to support birds, international and national currency devaluation, and crop 
pricing factors. These variations mean: 1) a higher lake level might be needed to achieve the 
salinity target of 240 g/L and recover Artemia and flamingo populations than the ecological target 
level of 1274.1 m. 2) The lake level-agricultural benefits relationship may be win-lose as in 
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historical years (1995-2011) or win-win as in recent years. 3) Managers should identify a range of 
lake levels to maintain multiple objectives and ecosystem services rather than a single level. 
Our findings differ from state-of-the-art multi-objective modeling and analysis methods that 
identify the Pareto optimal alternatives for up to 7 precisely defined objectives, help managers 
visualize tradeoffs, and select a preferred alternative from the Pareto alternatives (20–23). With 
the large variations in the data that define our 10 management objectives for Lake Urmia, a lake 
level may imply a range of objective values. Thus, we cannot determine whether a management 
alternative that yields a particular lake level is Pareto optima or not. Instead, we recommend to 
restore to a range of water levels associated to desired ecosystem services with relevant 
uncertainties. 
Our suggestion to restore for a range of lake levels changes the Lake Urmia restoration narrative 
that managers should restore to a fixed lake volume and corresponding single ecological lake 
level (19, 41). Restoring to a range of lake levels can help managers accommodate variations in 
the data that define the restoration objectives. Additionally, restoring for a range of lake levels 
give managers flexibility to adapt strategies over time as they learn more about the salinity, salt 
precipitation and re-dissolving, illegal abstractions, agricultural return flows, climate induced 
runoff, flooding, evapotranspiration, and other processes that are important to the lake system 
(42). Restoring for a range of lake levels also allows managers to move forward now without 
having to wait to resolve all noise and uncertainties. Moving forward now is critically important for 
lake restoration problems that are large and require long time periods to reach restoration goals.  
Finally, addressing a range of objectives and lake levels can avoid likely damaging effects of 
trying to obtain a single target of 1274.1 m.  For example, channelization of streams and the 
drying of wetlands is currently being employed to get water into the lake (ULRP, personal 
communication).  While this may help with some objectives such as dust control and lakeside 
recreation, it is likely counterproductive for other objectives such as the protection of biodiversity 
and birds that rely heavily on the surrounding wetlands, rivers and delta areas of the lake.  The 
multiple-object approach would force managers to weigh the trade-offs of adapting different 
strategies.    
Our suggestion to manage for a range of lake levels can integrate with the ULRP’s three-period 
restoration plan (Fig. 1B). The ULRP is now in its second restoration phase and seeks to increase 
the lake level from 1270 m to 1273 m by 2021 (43). In a third phase, the ULRP seeks to raise the 
lake level another 1 m to exactly reach the ecological level of 1274.1 m in 2023. Our results 
suggest that the ULRP should not only increase the lake level, but also identify a range of lake 
restoration levels from 1272 m to 1274.1 m and higher that reduce salinity, recover Artemia and 
flamingos. Our results also show that if lake level cannot be raised to the ecological level, the 
ULRP may still achieve objectives like reduce dust, protect threatened and endangered sheep 
and deer on islands, and promote recreation. When restoring for a range of lake levels, the ULRP 
should reanalyze proposed restoration projects such as inter-basin water transfers (31, 44), re-
operating upstream reservoirs (45, 46), land management (26), constructing dikes, and setting 
environmental flows to consider a range of lake water volumes and levels. During our outreach 
work between March and July 2019, the ULRP technical team, Iranian Department of 
Environment, and Iranian Ministry of Energy voiced support to manage Lake Urmia for a range of 
lake levels. 
There are several limitations to our work. First, we tie all objectives to a single system variable, 
lake level. In other environmental systems, there may not be a unifying variable such as lake 
level. Second, our analysis does not consider dependencies between objectives. For example, 
cation or anion concentrations may separately affect Artemia populations or the ability of 
flamingos to use deep water as habitat for resting or feeding. Third, we do not provide lower or 
upper bounds for the suggested lake level range. We do not provide bounds because there is 
considerable noise and variation in the data that define the objectives (Fig. 4B) and the bounds 
will change over time as managers learn more about the lake system. Fourth, we assume the 
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lake system is reversible. Reversibility means that historical observations at medium- and high-
water levels for water quality, Artemia, flamingos, and other objectives will again hold when the 
lake rises to those levels. In reality, there may be time lags, hysteresis, or alternative stable states 
that could produce different ecological, recreational, and agricultural outcomes than what was 
historically observed at the same water level. And yet, during the recent flooding of April and May 
2019 (which raised the lake level about 1 m to 1271.9 m), we observed islands separating and 
disconnecting from the lake shore at the expected lake levels. A fifth limitation is a conventional 
challenge for multi-objective analysis where the complexity of analysis increases as more 
objectives (problem dimensions) are added. We somewhat sidestep this dimensionality challenge 
and include 10 objectives by relating each objective to a single variable, lake level. And sixth, we 
did not include climate or wetland objectives. Large lakes moderate local climate, but this 
relationship has not yet been quantitatively described for Lake Urmia. Similarly, flamingos use 
both the lake and wetlands for feeding, breeding, and resting, but there were insufficient data to 
define a wetland objective.   
Iranian and international researchers and managers can apply our findings. They should include 
a range of lake level scenarios in their new experiments, modeling studies, and other Lake Urmia 
research work rather than a single ecological level of 1274.1 m. New research is urgently needed 
to describe and quantify (i) the salt precipitation and salt re-dissolving processes that influence 
lake bathymetry, (ii) lake evaporation, (iii) lake and wetlands connections, (iiv) illegal water use, 
(v) groundwater contribution to surface water, (vi) agricultural return flows, (vii) reservoir 
management, and (viii) effects of past mismanagement of basin land and water resources. 
Identifying a range of lake levels to meet multiple objectives will give managers of Lake Urmia 
and other international saline lakes flexibility to adopt and adapt their water allocation, agricultural 
development, and restoration strategies over time as they learn more about their lake system.  
This work is a product of an ongoing collaboration between US and Iranian researchers with joint 
interests to tackle natural resources management problems. These problems are large, complex, 
and long lasting. They require diverse and integrated expertise, deep engagement, and funding to 
make progress. We welcome researchers from Iran, the US, and other countries to join our 
efforts. 
 
 
Materials and Methods 
 
We used up to 40 years of the available experimental, field, satellite, and modeling data to define 
10 Lake Urmia management objectives in five categories of human health, ecological 
conservation, water quality enhancement, recreation, and agro-economy (Table S2). Then, we 
related each objective to the lake level. Within the SI Methods, we describe each objective, 
explain the motivation to include it, provide available data, characterize noise and variations, and 
relate the objective to lake level. In many cases, these methods synthesize across multiple 
datasets and studies. 
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Figures  
 
 
Figure 1. (A) Outline of Lake Urmia, northwest Iran, at its maximum level (blue line, gray fill) and 
ecological level (green line). (B) Timeline of Lake Urmia Restoration Program, observed, and 
predicted lake water levels (38). 
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Figure 2. Total dissolved solids (TDS) versus lake elevation of Lake Urmia from 1977 to 2017.  
Boxes depict the 25th, 50th, and 75th percentiles. Error bars and diamonds show the range of TDS 
data and outliers at each elevation, respectively. 
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Figure 3. Time series of the total dissolved solids (TDS) and water level (A), and ionic 
compositions of Lake Urmia (B) from different studies between 1977 and 2017. (C) Densities of 
adult Artemia urmiana in Lake Urmia (red) and Artemia franciscana in Great Salt Lake (blue) 
during the spring, summer, and fall. For Great Salt Lake, Artemia densities average 1490 m-3.  In 
Lake Urmia, when salinities exceeded 235 g.L-1, densities averaged only 180 m-3. Open symbols 
indicate outliers that were excluded in the regressions. The purple cone shows estimated Artemia 
density and salinity ranges for the ecological target water level of 1274.1 m. 
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Figure 4. (A) Variation of the restoration objectives of Lake Urmia in four categories with the lake 
level. Objectives are human health which is considered by the lake exposed dust area; water 
quality (TDS and the main anions and cations ratio); ecology which considers Artemia urmiana 
and flamingo abundances, north and south arm connections and island conservation; and 
recreation (distance to deep water for boating at the two beaches). (B) Trade-offs between Lake 
Urmia restoration and agricultural benefits before and after initiation of ULRP in 2013. Green and 
blue error bars indicate seasonal lake level variation, while purple error bars show uncertainty in 
lake level that are calculated as residuals of the lake water balance. 
